A major interest in neuroscience is the parcellation of the brain into anatomically and functionally distinct and relevant areas. The defining work in this field was that of Brodmann (1) , who segmented more than 50 cortical areas in the human brain based on local differences of cortical cell layers. Many of these cytoarchitectonic boundaries have been shown to have functional significance on the basis of lesion studies in patients and, more recently, on the basis of in vivo functional imaging techniques. A critical step is to properly correlate sites of increased functional activity with anatomical areas. However, high interindividual variability, as observed by histological techniques (2-4), requires techniques that would enable in vivo parcellation of the individual human brain cortex into specific areas.
Magnetic resonance imaging (MRI) has excellent softtissue contrast and can readily distinguish white and gray matter in the brain based on the MRI properties of these tissues (5) . Brain regions have been delineated using the myeloarchitectonic approach, which originated in the 18th century (6) . Gennari was the first to describe the stria of heavily myelinated cortex in the posterior part of the brain. This is the well-known striate cortex in the visual system. Today, many cortical areas (notably layer IV) are known to show myelin-rich layers. In addition to the striate area or area 17 of Brodmann (7), these areas include V5/MT at the temporo-occipital junction (8, 9) , and Heschl's gyrus in the temporal lobe (10) . The myeloarchitectonic approach enables visualization of the borders of specific areas. For example, the transition zone between Brodmann's areas 17 and 18 is defined by readily detectable changes in Gennari's stripe. Some authors have described MR contrast in the gray matter of the cortex, which was attributed to myelin layers (7, 10) . However, these observations were limited by spatial-resolution limitations due to low signal-to-noise ratios (SNRs). With the advent of high-field MRI devices for human use, it may be possible to obtain spatial resolutions that enable robust detection of myelinated cortical layers, thus allowing the parcellation of the human brain cortex in vivo for delineating brain regions in individuals. Here we show that MRI at 3T is capable of consistently detecting a myelinated layer of the human calcarine cortex, which can be identified as the stripe of Gennari, in normal volunteers. Because of its location near the brain surface, a surface coil was used to optimize the SNR. Images were obtained with a spatial resolution of 350 ϫ 350 ϫ 600 . Prospects for using MRI to determine myeloarchitecture throughout the cortex are discussed based on this work.
MATERIAL AND METHODS

MRI on Normal Volunteer
All of the studies were approved by the National Institute of Neurological Disorders Institutional Review Board and performed in strict accordance with their policies. Ten normal volunteers gave their consent to participate in this study, which was performed on a whole-body 3.0 T scanner (GE Medical Systems) equipped with gradients capable of 40 mT/m and a slew rate of 150 mT/m/s. A volume transmit/surface receive system (Nova Medical, Inc.) was used to acquire the images. The surface coil was placed over the visual cortex so as to maximize the SNR in the area of interest. To maintain head position, a thermoplastic bite bar was used.
After acquisition of scout images, eight high-resolution T 1 -weighted 3D datasets were acquired with a spoiled gradient-echo (SPGR) sequence (with an inversion prepulse, TI ϭ 400 ms, TR ϭ 13 ms, TE ϭ 6 ms, bandwidth ϭ 15.63 kHz, flip angle ϭ 19°, FOV ϭ 9 ϫ 9 ϫ 3.7 cm 3 , matrix size ϭ 256 ϫ 256 ϫ 62, and one average), yielding images with a spatial resolution of 350 ϫ 350 ϫ 600 m 3 . Each of the eight datasets was acquired in 5 min 17 s, yielding a total scan time of about 45 min.
Each 3D dataset was subsequently processed using the Brain Imaging Software Toolbox (McGill University (11)). First, each dataset was realigned with respect to the first dataset of the series, allowing the software to perform rotations and/or translations in all directions using tricubic interpolation. The registration was driven by the cross-correlation of individual volumes to the first volume in the series. The resampled datasets were then averaged.
MRI and Histology on Fixed Brain Sections
Two samples of visual cortex were obtained from formalin-fixed post-mortem brain in agreement with the guidelines of the NIH Office of Human Subject Research. Samples were placed in a vial containing perfluoropolyether (Ausimont, NJ). Because perfluoropolyether does not contain any protons, it does not contribute to the signal. However, its presence considerably reduces susceptibility artifacts at the edges of the sample.
Samples were imaged on a Bruker BioSpec Avance console operating at 4.7 T with 3D spin-echo sequences using a 25-mm volume coil. The following imaging parameters were used: TR ϭ 4100 ms, TE ϭ 8 ϫ 14 ms, flip angle ϭ 90°, FOV ϭ 56 ϫ 28 ϫ 14 mm 3 , matrix size ϭ 512 ϫ 256 ϫ 128, and one average. The acquisition duration was 37 hr 25 min, yielding a spatial resolution of ϳ110 m in all directions. The proton density map was computed from this dataset using a two-parameter exponential decay model.
FIG. 1.
Images from a 3D dataset acquired on a formalin-fixed human brain sample at 4.7 T, using a spin-echo sequence. The spatial resolution is ϳ110 m. a: Proton density map. Darker regions within the brighter gray matter are due to myelin. In particular, the thick stripe that starts at the arrow is the Gennari stripe in area 17 of the visual cortex. b: Expansion of the area framed by the white rectangle overlaid on part a. It can be seen that the width of the Gennari stripe is 2-4 pixels. c: Proton density image from a 3D dataset acquired on a second fixed human brain sample at 4.7 T. The spatial resolution is ϳ110 m. d: A 10-m-thick histological section stained with Bielschowsky silver stain for myelin, corresponding to (c) the MR image. c and d: The white arrows point to the stripe of Gennari as detected by both MRI and the myelin stain.
After MRI, one of the two brain samples was processed through ethanol and xylene and embedded in paraffin. Sections (10 thick) were obtained from the paraffin block, and a Bielschowsky silver stain was performed to visualize the stripe of Gennari. Figure 1 shows the proton density map obtained from a post-mortem sample of the visual cortex at 4.7 T. Layer IVb, the stripe of Gennari, can readily be visualized as a dark band through some of the cortex. In Fig. 1a , the white arrow points to one end of the stripe, showing the border between Brodmann's area 17 and 18. Figure 1b represents an expansion of the area framed by the white rectangle overlaid on Fig. 1a . It can be seen that the width of Gennari's stripe is 2-4 pixels (i.e., 200 -400 m) for this sample. Figure 1d shows high-resolution MRI of a different fixed brain sample also obtained at 4.7 T using proton density weighting. Figure 1c shows the same section stained with Bielschowsky silver stain. Arrows on the stained section and the MRI indicate the stripe of Gennari running in area 17 of the occipital cortex. The MRI contrast in this case was due to the low proton density in this heavily myelinated area of the cortex. Figure 2 shows an example of one section of a 3D MRI obtained at 3T from a normal volunteer with a surface coil placed over the visual cortex. The insert shows a sagittal section showing the FOV of the surface coil. Arrows indicate the high-intensity stripe detected from the gray matter in area 17. In this case, after eight averages, the spatial resolution was 350 ϫ 350 ϫ 600 m. It was difficult to detect the stripe in images with lower spatial resolution, and even at these high resolutions it was difficult to follow the full length of the stripe through multiple planes. Moreover, smoothing the high-resolution images makes the stripe difficult to detect (data not shown). Figure 3 shows brain images from two additional normal volunteers. For both volunteers, the stripe of myelin can be seen on all consecutive slices detected in the visual cortex.
RESULTS
For all of the six volunteers in whom MRI was obtained that was not corrupted by large head movements, the stripe of Gennari could be detected.
DISCUSSION AND CONCLUSIONS
There has been rapid growth of MRI applied to the brain because of its impact on clinical diagnostics and the success of functional MRI (fMRI) in cognitive neuroscience. Indeed the advantages of high-field MRI for fMRI has caused intensive development of 3T MRI devices. The recent FDA approval of a 3T scanner ensures that there will be aggressive development of this type of scanner. The higher field leads to increased signal and (in principle) the ability to image at higher spatial resolutions, as discussed by Callaghan (12) . In the present study we used long scan times (ϳ45 min) to obtain very high spatial resolution images of the visual cortex of normal human volunteers. At resolutions of 350 ϫ 350 ϫ 600 , a bright stripe running through layer IVb of Brodmann's area 17 could be 
Detection of the Stripe of Gennari at 3T
detected. We identified this as the stripe of Gennari, which represents myelinated fibers in this area of the brain. Signal intensity was similar to that in other white matter regions, indicating that the contrast was probably dominated by myelin.
There is one previous report of detecting the Gennari stripe by MRI in humans, by Clark et al. (7) . In their work, protondensity imaging at 1.5 T was used and images were acquired with a resolution of 390 m ϫ 390 m ϫ 3 mm. The protondensity weighting caused the Gennari stripe to appear darker than the surrounding tissue, leading to potential difficulties in distinguishing the stripe from other artifacts that can cause loss of signal on MRI. In comparison, we acquired images from about sixfold-smaller volumes and used T 1 weighting. The T 1 weighting leads to a higher signal in the Gennari stripe. Image acquisition times can be significantly shorter with T 1 -weighted sequences compared to proton-densityweighted sequences. Furthermore, Clark et al. (7) used a slice prescription perpendicular to the calcarine to allow for larger voxel sizes (0.460 mm 3 vs. 0.073 mm 3 ), while our axial slice prescription did not depend on variations in the sulcal anatomy of the subject.
The present in vivo spatial resolution appears to be borderline for clearly following the stripe of Gennari in its continuity and for defining its end because it has only a single pixel width, and in the long axis of the pixel (600 m length), partial volume effects lead to fuzzy borders. Moreover, at this spatial resolution, head movements become a major issue. In this study a bite bar was used, but this solution may not be the most appropriate, especially in a clinical environment. The Gennari stripe was detected in six of 10 volunteers. In four of the volunteers there were large motion artifacts. It is clear that minimizing motion is crucial for obtaining very-high-resolution MRI. The use of techniques (such as cardiac gating) to minimize motion, more robust ways to hold the head, and improved motion correction techniques should help with this problem.
Recent progress in MRI hardware should provide increased spatial resolution. For example, a 7.0 T scanner yields at least twice the SNR as that from a 3.0 T scanner (13) . Moreover, using optimized RF coil arrays in conjunction with multiple receivers has the potential of further improving the SNR (14) . An optimistic estimate is that these improvements in SNR may allow 250 ϫ 250 ϫ 250 m 3 voxels to be acquired within the 45-min scan time used in this study. While these scan times are long compared to typical clinical protocols, the increased anatomical definition should justify the long scan times. With such a high spatial resolution, based on our in vitro images, it should be possible to follow the stripe of Gennari along the Calcarine sulcus and robustly detect changes that define specific brain regions.
The data processing can also be improved-for example, by limiting the FOV to the areas of interest during the registration process. Moreover, even with the image quality obtained in this study, it should be possible to extract most of the stripe by making some simple assumptions, such as regarding the continuity of the stripe, its approximate location, and the absence of sharp changes in directions. This type of assumption has been successfully used in the analysis of diffusion tensor data (15) .
Finally, MR can image myelin in many different ways, including methods based on magnetization transfer (16), anisotropy of water diffusion (15) , and T 2 or T * 2 weighting (7, 17) . It is important to determine which contrast mechanism allows the most robust detection of myeloarchitecture in the cortex. Myelin is a marker for other brain structures in addition to area 17, such as area V5/MT (8, 9) , and the first Heschl gyrus in the primary auditory cortex (10) . MRI can be made sensitive to other structural features that might complement myeloarchitectonics. These include microvascular architecture and anisotropic environments. In conclusion, it is possible that the use of highresolution MRI to detect the myeloarchitecture and other histological features of the brain will enable brain parcellation into anatomically and functionally distinct areas in individual subjects.
NOTE ADDED IN PROOF
Recently, the Gennari stripe in the striate cortex of the monkey has been detected using MRI at 4.7T. This work (18) opens the possibility of performing myeloarchitecture with MRI on non-human primates.
